Introduction {#sec1-1753425919871994}
============

The lifespans of terminally differentiated granulocytes are prolonged by numerous microbial components, host-derived cytokines, chemokines and damage-associated molecular patterns (DAMPs) implicated in inflammatory disorders.^[@bibr1-1753425919871994]^ For example, acute lung injury induced by LPS is correlated with prolonged neutrophil survival in mouse and rat models of airway disease.^[@bibr2-1753425919871994],[@bibr3-1753425919871994]^ LPS survival effects have also been observed with human neutrophils.^[@bibr4-1753425919871994][@bibr5-1753425919871994][@bibr6-1753425919871994][@bibr7-1753425919871994][@bibr8-1753425919871994][@bibr9-1753425919871994]--[@bibr10-1753425919871994]^ Delayed apoptosis of neutrophils both amplifies their anti-microbial activities and increases the risk of inflammatory damage.^[@bibr11-1753425919871994]^ Factors that prolong neutrophil survival potentially delay resolution of inflammation, increasing the risk of counterproductive tissue damage as is reported to occur in endotoxemia or chronic infection.^[@bibr3-1753425919871994],[@bibr12-1753425919871994],[@bibr13-1753425919871994]^ A detailed understanding of the survival factors and cellular networks that regulate neutrophil survival is thus needed in order to develop anti-inflammatory therapies that are effective without compromising host defense.

LPS has well-documented survival effects on neutrophils when administered *in vivo* or added to *ex vivo* cultures.^[@bibr4-1753425919871994][@bibr5-1753425919871994][@bibr6-1753425919871994]--[@bibr7-1753425919871994],[@bibr9-1753425919871994]^ The assumption that this anti-apoptotic signaling is a direct result of neutrophil intrinsic TLR4 stimulation was challenged over a decade ago by Sabroe et al.^[@bibr14-1753425919871994],[@bibr15-1753425919871994]^ and Francois et al.^[@bibr8-1753425919871994]^ who reported that LPS only transiently prolonged the survival of highly purified neutrophils unless PBMC were added. Both groups concluded that monocyte-derived cytokines were likely to be required,^[@bibr8-1753425919871994],[@bibr14-1753425919871994],[@bibr15-1753425919871994]^ although no specific factors were identified or ruled out and no other groups have reproduced their results. Candidate survival factors include IL-8,^[@bibr16-1753425919871994][@bibr17-1753425919871994][@bibr18-1753425919871994][@bibr19-1753425919871994]--[@bibr20-1753425919871994]^ IL-6,^[@bibr21-1753425919871994][@bibr22-1753425919871994]--[@bibr23-1753425919871994]^ IL-1β,^[@bibr5-1753425919871994],[@bibr24-1753425919871994],[@bibr25-1753425919871994]^ TNF-α,^[@bibr5-1753425919871994],[@bibr26-1753425919871994],[@bibr27-1753425919871994]^ and IFN-γ,^[@bibr5-1753425919871994],[@bibr26-1753425919871994],[@bibr28-1753425919871994]^ all of which were identified, however, using neutrophil preparations that retained other immune cell types that could mediate survival through secondary cytokine responses.

Identification of the proximal factor(s) responsible for survival effects on neutrophils would increase the precision with which neutrophil longevity could be manipulated for therapeutic purposes. Here, we tested the survival responses of highly purified and less-purified neutrophils after stimulation of TLR4, addition of exogenous cytokines, or neutralization of endogenous cytokines by Ab blockade to determine which factors or signaling pathways are cell-intrinsic regulators of neutrophil survival.

Material and methods {#sec2-1753425919871994}
====================

Materials {#sec3-1753425919871994}
---------

Chemically pure *Escherichia coli* lipid A (Compound 506, LA-15-PP^[@bibr29-1753425919871994]^) and lipid IVa (both from Peptides International), were used to ensure TLR4 specificity and to avoid potential humoral reactivity with O-Ag epitopes found in LPS. Key findings from LA-15-PP experiments were confirmed with highly purified LPS from *E. coli* serotype O55:B5 (ALX-581-013-L001, Enzo Life Sciences).

Recombinant GM-CSF, IL-6, and IL-8 (Prospec); bacterial peptide fMLF (Sigma-Aldrich); fibrinogen and fibronectin (Millipore); ICAM-1 and VCAM-1 (Prospec); ERK Inhibitor II (FR180204) (Cayman Chemical); PE-conjugated anti-human CD62L Ab (clone DREG-56, BioLegend); neutralizing Ab against human IL-8 (cat. no. MAB208-100); GM-CSF (cat. no. AF-215-NA) and corresponding isotypes (R&D systems); control mouse (clone 11711); and goat IgG (AB-108-C), were used without modification. Tetrameric Ab complexes (TAC) were generated to perform selective cell depletions using EasySep™ Human 'Do-It-Yourself' Positive Selection Kit II (cat. no. 17699) and mouse IgG1 mAbs specific for human Siglec-8 (clone 7C9, BioLegend), CD3, CD36, CD41a, or CD56 (clones UCHT1, FA6-152, HIP8, or HCD56, StemCell Technologies). Mouse monoclonal IgG1 kappa (clone MOPC-21, StemCell Technologies) was used as isotype control for mock depletions.

Isolation of human neutrophils {#sec4-1753425919871994}
------------------------------

Approximately 60 blood draws were performed for this study following procedures approved by the Institutional Review Board of the University of Louisville. Donors were aged 25--40 yr, 60% female and allowed to provide 50--450 ml blood up to once per month if healthy and not taking any medications. PMN were purified using plasma-Percoll gradients as described elsewhere.^[@bibr30-1753425919871994]^ Cells were \> 90--95% neutrophils and \> 97% viable as evaluated by microscopy and will be referred to as 'N90' PMN hereafter. N90 populations were further enriched by negative selection to obtain highly pure neutrophil preparations (\> 99%, 'N99') using Ab-mediated magnetic removal of all cells other than neutrophils with an EasySep™ Human Neutrophil Enrichment Kit (StemCell Technologies cat. no. 19257). Cell purity was assessed by staining with FITC-conjugated anti-CD66b (clone G10F5, BioLegend), and APC-conjugated anti-CD16 (clone CB16, eBioscience) Abs using an LSR II flow cytometer and FlowJo analysis software (Supplemental Figure 1A). Neutrophils were resuspended in complete RPMI-1640 medium supplemented with 5% human serum (type AB male, Sigma-Aldrich, cat. no. H4522).

Selective depletion of accessory immune cells {#sec5-1753425919871994}
---------------------------------------------

Residual immune cells were selectively depleted from N90 fractions by the same magnetic negative selection procedure used to generate N99 fractions, except that the Human Neutrophil Isolation Cocktail was replaced with Ab complexes specific for CD3, CD36, CD41a, CD56, or Siglec-8 to deplete T cells, monocytes and NK cells, platelets, NK cells, or eosinophils, respectively. Depletion of the intended cell type was confirmed by flow cytometric staining for CD14, CD16, CD19, CD66b plus Siglec-8, or for CD3, CD4, CD8, CD41a plus CD45.

Isolation of human monocytes {#sec6-1753425919871994}
----------------------------

PBMCs were isolated using Histopaque-1077 (Sigma-Aldrich) gradients of whole blood of normal healthy donors. Monocytes were purified from the isolated PBMCs using an EasyEights™ Magnet and EasySep™ Human Monocyte Isolation Kit (cat. no. 19359, StemCell Technologies). Monocytes were resuspended in complete RPMI-1640 medium (Gibco) containing 2 mM [L]{.smallcaps}-glutamine, 50 units/ml penicillin, 50 mg/ml streptomycin, 1 mM sodium pyruvate, and 5% heat-inactivated human AB serum (Sigma-Aldrich). Purity, generally 70--90%, was assessed by simultaneously staining with APC-eFluor 780-conjugated anti-CD45 (clone HI30, eBioscience), and PE-conjugated anti-CD14 (clone 61D3, eBioscience) Abs, and then determining the percentage of CD45+CD14+ cells using a BD LSR II flow cytometer.

Culture conditions {#sec7-1753425919871994}
------------------

For adherent culture conditions, neutrophils (5 × 10^5^ cells/well) or monocytes (5 × 10^4^ cells/well) were plated in a total volume of 200 µl in a 96-well tissue culture plate. In experiments with matrix protein coated plates, wells were coated with 100 µg fibrinogen or 10 µg fibronectin (Millipore) for 2 h at room temperature (RT) followed by gentle washing with HBSS (Gibco). Stationary plates containing cells were incubated at 37°C for 20--24 h.

Soluble factor quantification {#sec8-1753425919871994}
-----------------------------

IL-8, IL-6, IL-1β, TNF-α, and IFN-γ in cell-free supernatants collected from neutrophils after culture at 5 × 10^5^ cells/well in 96-well tissue culture plates with *E. coli* lipid A or medium for 20 h were quantified by electrochemiluminescence assay using the V-PLEX Human Proinflammatory Panel (Meso Scale Discovery). GM-CSF was assayed by colorimetric ELISA (Human GM-CSF ELISA Ready-SET-Go kit, eBioscience; limit of detection 10 pg/ml).

Neutrophil survival assays {#sec9-1753425919871994}
--------------------------

Highly purified N99 neutrophils were cultured with chemically pure *E. coli* lipid A, exogenous GM-CSF as a positive control, candidate survival factors, or culture medium alone as negative control for 24 h at 37°C prior to flow cytometric staining with APC-conjugated Annexin V (BD Biosciences) and 7-AAD (Biotium or Tonbo Biosciences). Neutrophils that were double negative for Annexin V and 7-AAD (see Supplemental Figure 1B) were recorded as viable. Culture supernatants containing secreted survival factors were obtained by exposing monocytes or N90 neutrophils to lipid A for 20 h at 37°C before harvesting as cell-free culture supernatants, which were frozen until use. Ab blockade of cytokines in cell-free culture supernatants was performed by incubation of Ab or isotype control for 30 min at RT before adding to N99 PMNs for 24 h culture. Abs were used at concentrations that we determined were sufficient to block survival activity of 100 ng/ml recombinant IL-8 or 100 pg/ml of recombinant GM-CSF (using 10 µg/ml anti-IL-8 or 5 µg/ml anti-GM-CSF Abs, respectively).

The effects of ERK inhibition on neutrophil survival were evaluated by pre-treating N99 PMN with 20 µM ERK Inhibitor II,^[@bibr31-1753425919871994]^ or diluted vehicle control (DMSO), for 30 min at 37°C prior to 24 h stimulation with lipid A or culture supernatants. The effects of ERK inhibition on survival factor production were tested by pre-treating N90 PMN with ERK inhibitor or vehicle control prior to 24 h stimulation with lipid A and collection of culture supernatants.

Western blotting analysis {#sec10-1753425919871994}
-------------------------

N99 PMNs (4 × 10^6^) in polypropylene tubes or plated in 24-well polystyrene tissue culture dishes were exposed to medium or lipid A, 100 ng/ml, for 5, 15, 30, and 60 min at 37°C. At each time point, cells were lysed in 1X Laemmli buffer containing 5% β-mercaptoethanol at 95°C for 5 min. An equal volume of each, 30 µl, was resolved by 10% SDS--PAGE, transferred onto PVDF membranes (Millipore), blocked with 5% nonfat dry milk for 1 h and probed with primary Abs (Cell Signaling Technology): phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204, cat. no. 4370); total p44/42 MAPK (ERK1/2, cat. no. 4695); phospho-p38 MAPK (Thr180/Tyr182, cat. no. 9215); and total p38 MAPK (cat. no. 9212). Bands were visualized with HRP-conjugated secondary Abs (Jackson ImmunoResearch), Amersham Prime ECL substrate, and a Bio-Rad ChemiDoc Touch Imaging System.

Statistical analysis {#sec11-1753425919871994}
--------------------

Data were plotted using GraphPad Prism software. Statistical significance among three or more groups was evaluated with the same software. ANOVA using Dunnett's multiple comparisons was conducted to determine significance in experiments with multiple conditions. Differences with *P *\<* *0.05 were considered as statistically significant (see *P* values in each figure legend).

Results {#sec12-1753425919871994}
=======

N99 PMNs lack survival response to TLR4 stimulation {#sec13-1753425919871994}
---------------------------------------------------

To evaluate neutrophil-intrinsic survival signaling downstream of TLR4, we compared the responses of neutrophils purified by plasma-percoll gradient centrifugation alone (\> 90% purity, N90 PMN) or by further magnetic bead depletion of residual leukocytes (\> 99% purity, N99 PMN). N90 and N99 PMN were cultured under conditions that favor adherence (flat-bottom 96-well polystyrene plates) in the presence or absence of lipid A, hexa-acylated *E. coli* chemotype, a reagent that stimulates TLR4 exclusively. After 24 h culture, 40--50% of unstimulated N90 and N99 PMNs remained viable ([Figure 1a and b](#fig1-1753425919871994){ref-type="fig"}). Exogenously added GM-CSF, a neutrophil survival factor,^[@bibr32-1753425919871994][@bibr33-1753425919871994]--[@bibr34-1753425919871994]^ increased the percentage of viable cells to about 70%. Accordingly, a 24 h culture time point was used thereafter to measure survival activity of exogenously added materials. With this assay, we found that chemically pure lipid A had a robust survival effect only on N90 PMN cell cultures ([Figure 1a](#fig1-1753425919871994){ref-type="fig"}) and none on N99 cell populations ([Figure 1b](#fig1-1753425919871994){ref-type="fig"}) from which other immune cell types had been depleted. Biological preparations of *E. coli* LPS also had no survival effect on N99 populations. These results suggested that highly purified human neutrophils lack intrinsic survival responses to TLR4 agonists.

![Lack of an intrinsic survival response to TLR4 stimulation by highly purified neutrophils. Neutrophils that were 90--95% (N90) or \> 99% pure (N99) were incubated for 24 h in the absence (untreated, UT) or presence of control GM-CSF (0.1 ng/ml), or lipid A (10 and 100 ng/ml) under adherent culture conditions; cell viability was assessed by Annexin V-APC/7-AAD staining (a--d). Shown are percentages of viable (a) N90 or (b) N99 neutrophils in uncoated tissue culture plates; and of N99 neutrophils in wells coated with (c) fibrinogen (100 µg) or fibronectin (10 µg); (d) ICAM-1 (2 µg), or VCAM-1 (2 µg). (e--f) N99 and N90 neutrophils were stimulated for 1 h with control fMLF peptide or increasing doses of lipid A (1, 10, or 100 ng/ml) or with medium (UT) under adherent culture conditions. Neutrophil activation in response to TLR4 stimulation was measured as induced down-regulation of cell-surface CD62L. Bars show percent means ± SEM from (a and b) *n *=* *14 or (c and d) *n *=* *3 blood donors, (e) mean percentage of positive cells or (f) mean geometric MFI ± SEM from *n *=* *4 donors. \*\*\*\**P *≤* *0.0001 when compared with untreated (a--d). PMN, Polymorphonuclear neutrophils. Each donor (n) represents an independent experiment.](10.1177_1753425919871994-fig1){#fig1-1753425919871994}

Because adherence affects neutrophil survival,^[@bibr35-1753425919871994]^ we tested whether the absence of a survival response to lipid A was due to the lack of a physiological substrate. Culture of N99 PMNs in wells pre-coated with matrix proteins (fibrinogen or fibronectin) or endothelial surface adhesion molecules (ICAM-1 or VCAM-1) did not restore survival responses to lipid A ([Figure 1c and d](#fig1-1753425919871994){ref-type="fig"}). To determine whether TLR4 retained functionality in highly purified N99 PMNs, we measured their surface expression of the activation marker CD62L, which is released from cells in response to TLR4 stimulation.^[@bibr36-1753425919871994]^ We found equivalent CD62L shedding from N99 as from N90 PMNs over a wide dose range of lipid A (1--100 ng/ml) as measured either by mean fluorescence intensity (MFI) per cell ([Figure 1e](#fig1-1753425919871994){ref-type="fig"}) or by the proportion of cells that became CD62L-negative ([Figure 1f)](#fig1-1753425919871994){ref-type="fig"}. Hence, TLR4 was expressed and functional in highly purified neutrophil populations but appeared to lack survival signaling activity. This result is consistent with the fact that LPS is generally considered to be a survival factor for neutrophils,^[@bibr4-1753425919871994],[@bibr5-1753425919871994],[@bibr7-1753425919871994],[@bibr9-1753425919871994],[@bibr24-1753425919871994]^ while also implicating residual leukocytes---which comprise 5--10% of neutrophil suspensions prepared by standard methods---as the actual mediators of TLR4 survival effects on neutrophils.

Soluble factors mediate TLR4 survival effects on N90 PMNs {#sec14-1753425919871994}
---------------------------------------------------------

One explanation for TLR4 survival activity in conventionally purified N90 populations is that it is mediated by survival factors secreted by low numbers of other innate immune effector cells. To test this, we collected and froze culture supernatants from lipid A-stimulated N90 or N99 PMN and later added them to freshly prepared N99 PMNs for survival assay after 20 h culture. Culture supernatants from lipid A-stimulated N99 PMN contained no survival activity ([Figure 2a](#fig2-1753425919871994){ref-type="fig"}) while those from lipid A-treated N90 PMN cell populations prolonged neutrophil survival to the same extent as exogenously added GM-CSF, 100 pg/ml ([Figure 2b](#fig2-1753425919871994){ref-type="fig"}). As expected, survival activity in these conditioned supernatants was not due to carry-over of lipid A because it did not occur upon addition of more lipid A ([Figure 2a--c](#fig2-1753425919871994){ref-type="fig"}) and was not inhibited by lipid IVa, a human TLR4 antagonist ([Figure 2c](#fig2-1753425919871994){ref-type="fig"}; with lipid IVa demonstrated to be functional in [Figure 2d](#fig2-1753425919871994){ref-type="fig"}). Lipid A-induced secretion of survival factors by N90 PMN required at least 8 h to be detectable, and reached a plateau by about 20 h (data not shown) which is suggestive of *de novo* gene expression. These results further support the hypothesis that the survival response of neutrophils to TLR4 agonists is mediated or regulated by other innate immune effector cells.

![Survival effects of TLR4 stimulation on neutrophils are mediated by soluble factors. Neutrophils were incubated for 24 h in the absence (untreated, UT) or presence of control GM-CSF (0.1 ng/ml), lipid A, lipid IVa, or supernatants (supnt) collected from heterologous neutrophils stimulated with lipid A at 100 ng/ml for 20 h. Cell viability was analyzed by Annexin V-APC/7-AAD staining and flow cytometry. Percentages of viable (a and b) N99 PMNs after culture with lipid A at 100 ng/ml or supernatants from (a) N99 PMNs or (b) N90 PMNs. Percentage of viable (c) N99 or (D) N90 PMNs after culture with lipid A at 100 ng/ml or supernatants from N90 PMN in the presence or absence of TLR4 inhibitor lipid IVa. Bars show percent means ± SEM from (a and b) *n *≥* *6 and (c and b) *n *=* *3 blood donors. \*\*\*\**P *≤* *0.0001, \*\**P *≤* *0.01, \**P *≤* *0.05, and ns *P *\>* *0.05 when compared with untreated neutrophils. Each donor (n) represents an independent experiment.](10.1177_1753425919871994-fig2){#fig2-1753425919871994}

Potential soluble survival factors in the N90 culture supernatants {#sec15-1753425919871994}
------------------------------------------------------------------

In an attempt to identify TLR4-induced survival factors in N90 cultures, we measured a panel of factors reported by others to have anti-apoptotic effects on neutrophils, including IL-8,^[@bibr16-1753425919871994][@bibr17-1753425919871994][@bibr18-1753425919871994][@bibr19-1753425919871994]--[@bibr20-1753425919871994]^ IL-6,^[@bibr21-1753425919871994][@bibr22-1753425919871994]--[@bibr23-1753425919871994]^ IL-1β,^[@bibr5-1753425919871994],[@bibr24-1753425919871994],[@bibr25-1753425919871994]^ TNF-α,^[@bibr5-1753425919871994],[@bibr26-1753425919871994],[@bibr27-1753425919871994]^ and IFN-γ.^[@bibr5-1753425919871994],[@bibr26-1753425919871994],[@bibr28-1753425919871994]^ Multiplex analysis was performed on supernatants harvested from lipid-A-stimulated N90 and N99 PMNs from six healthy blood donors (Supplemental Figure 2A-D). IL-8 was on average 10-fold more abundant in the supernatants of N90 than N99 cultures, after culture with lipid A. A moderate amount of IL-6, very little IL-1β and TNF-α, and no IFN-γ were detected in the supernatants of N90 PMNs. None of these latter factors were present in the supernatants from N99 culture (Supplemental Figure 2C and 2D). We also tested supernatants from N90 PMNs for the presence of GM-CSF by ELISA but did not detect any above the assay limit of detection (10 pg/ml).

We compared the abundances of IL-8, IL-6, TNF-α, and IL-1β to survival activities of the individual supernatants in which they were measured to determine if they were correlated. Less abundant IL-1β ([Figure 3a](#fig3-1753425919871994){ref-type="fig"}) and TNF-α ([Figure 3b](#fig3-1753425919871994){ref-type="fig"}) showed no correlation with the magnitude of the survival activities of the supernatants. IL-8 and IL-6, with their relatively higher abundance in the supernatants, seemed the most likely candidate factors; surprisingly, however, neither IL-6 ([Figure 3c](#fig3-1753425919871994){ref-type="fig"}) nor IL-8 ([Figure 3d](#fig3-1753425919871994){ref-type="fig"}) were positively correlated with N99 PMN viability, suggesting no role or either factor. Recombinant GM-CSF, added exogenously as a positive control, showed a linear correlation of dose to PMN viability, as expected ([Figure 3e)](#fig3-1753425919871994){ref-type="fig"}. Exogenously added IL-6 and IL-8 also prolonged neutrophil survival, but only at doses ≥ 100 ng/ml, much higher than was detected in any of the culture supernatants ([Figure 3f and g](#fig3-1753425919871994){ref-type="fig"}), once again suggesting no plausible role of either of these factors in the survival activity of the supernatants.

![Abundance of candidate factors does not correlate with the survival activities of supernatants from TLR4 stimulated N90 PMN culture. N99 PMNs were cultured for 24 h with supernatants from lipid A (100 ng/ml) stimulated N90 PMNs (Supnt donors, *n *=* *6), or directly with exogenous GM-CSF, IL-6, or IL-8. Cell viability was analyzed by Annexin V-APC/7-AAD staining and flow cytometry. Survival activities of (a--d) supernatants or (e) GM-CSF were plotted against the amount of (a) IL-1β, (b) TNF-α, (c) IL-6, or (d) IL-8 present in the supnts (Supplemental Figure S2), or (c) with indicated concentrations of exogenous GM-CSF. Percentage of viable N99 PMNs after culture with increasing doses of (d) IL-6 or (e) IL-8. Each dot represents (a--d) a supnt from N90 prepared from one of *n *=* *6 donors, or (e) the mean survival response of N99 cells from *n *=* *3 donors to the indicated doses of recombinant GM-CSF. Bars (f and g) show mean viability ± SEM of N99 from *n *=* *3 donors after exposure to the indicated doses of IL-6 and IL-8. \*\*\**P *≤* *0.001 and \*\**P *≤* *0.01 when compared with untreated neutrophils.](10.1177_1753425919871994-fig3){#fig3-1753425919871994}

We further tested a role for IL-8 in mediating TLR4 survival effects by measuring survival activity of multiple supernatants in the presence of 10 µg/ml IL-8 neutralizing Ab, an amount we confirmed was sufficient to completely block the survival effect of 100 ng/ml exogenous IL-8 ([Figure 4b](#fig4-1753425919871994){ref-type="fig"}). The IL-8 neutralizing Ab had no effect on lipid-A-induced survival activity when added to N90 culture supernatants, despite being sufficient for blockade of at least 30-fold more IL-8 than was present in the culture supernatants ([Figure 4a](#fig4-1753425919871994){ref-type="fig"}). The TLR4-induced survival factor is therefore highly unlikely to be IL-8.

![Neutrophil survival after Ab blockade of GM-CSF or IL-8 in lipid-A-conditioned culture supernatants. Lipid-A-conditioned supernatants were prepared from N90 cell cultures and tested for survival activity in the presence or absence of neutralizing Abs. (a) IL-8 blockade. Shown are the percentages of viable N99 PMNs after 24 h culture with lipid-A-conditioned supernatants in the absence or presence of IL-8 neutralizing Ab or goat IgG control. Also shown is a negative control for lack of survival response to lipid A (100 ng/ml) and positive control GM-CSF (0.1 ng/ml). (b) Confirmation of IL-8 blockade. Percentages of viable N99 PMNs after culture with IL-8 at 100 ng/ml in the absence or presence of neutralizing goat pAb specific for IL-8 (*n *=* *4 blood donors). (c) GM-CSF blockade. Percentages of viable N99 PMNs cultured with GM-CSF at 100 pg/ml or with supernatants of untreated (Supnt UT) or 100 ng/ml lipid A-treated (Supnt lipid A 100) N90 cultures from *n *=* *6 blood donors in the absence or presence of neutralizing goat pAb specific for GM-CSF or goat IgG as control. (a and c) Bars show mean viability from (a) *n *=* *3 and (c) *n *=* *6 individuals \*\*\*\**P *≤* *0.0001, \*\*\**P *≤* *0.001, \*\**P *≤* *0.01, and ns *P *\>* *0.05 when compared with neutrophils cultured with Supnt UT. Each donor whose blood was used to prepare highly purified neutrophils represents an independent experiment.](10.1177_1753425919871994-fig4){#fig4-1753425919871994}

Exogenous, recombinant GM-CSF (100 pg/ml) was notably potent as a neutrophil survival factor ([Figure 3e](#fig3-1753425919871994){ref-type="fig"}) and hence could not be excluded despite being undetectable by ELISA. To test for endogenous GM-CSF survival activity, we incubated culture supernatants with 5 µg/ml GM-CSF neutralizing Ab, an amount sufficient to abrogate the survival activity of at least 100 pg/ml of recombinant GM-CSF. The survival activity of supernatants incubated with the GM-CSF neutralizing Ab was reduced by about 10% relative to those of supernatants incubated with goat polyclonal IgG control as negative control ([Figure 4c](#fig4-1753425919871994){ref-type="fig"}). Hence, GM-CSF appears to play a minor but consistent role in mediating the TLR4 survival effects of accessory cells, indicating that other TLR4-induced survival factors for human neutrophils remain to be identified.

ERK activity contributes to the production of soluble factors in the presence of accessory immune cells {#sec16-1753425919871994}
-------------------------------------------------------------------------------------------------------

ERK, a MAPK, is involved in TLR4 survival effects on neutrophils purified by standard methods,^[@bibr4-1753425919871994],[@bibr31-1753425919871994]^ which we hypothesized would be lost in highly purified neutrophil preparations. To test this, ERK phosphorylation was measured by immunoblot 5--60 min after addition of lipid A to highly purified neutrophils plated in polystyrene culture dishes ([Figure 5a](#fig5-1753425919871994){ref-type="fig"}). Lipid-A-induced ERK phosphorylation was detectable but weak relative to positive control fMLF, reaching a peak at about 30 min. Interestingly, ERK was activated more strongly and quickly when the neutrophils were held in polypropylene tubes ('Not plated') than when seeded in polystyrene culture dishes ('Plated'). The adherence inhibition was specific to ERK1/2 because activation of p38 MAPK was robust under both conditions ([Figure 5a](#fig5-1753425919871994){ref-type="fig"}). Hence, the absence of intrinsic survival responses in adherent N99 cultures was correlated with loss of an ERK1/2 activation response immediately following TLR4 stimulation.

![ERK is involved in production and activity of soluble survival factor(s). (a) Plated or unplated N99 PMNs were stimulated with 100 ng/ml lipid A for the indicated times (5 min through 60 min); or with fMLF (300 nM, 5 min) as positive control for plated N99. Cell lysates were analyzed by immunoblot using Abs specific for phosphorylated or total ERK1/2 and p38 MAPK. Representative blots are shown; see Supplemental Figure S3 for quantitation of all blots. (b and c) Plated N90 PMNs were incubated with 20 μM ERK inhibitor or diluted vehicle (DMSO) for 30 min before they were cultured with 100 ng/ml lipid A for 24 h. GM-CSF was used as positive control. (d) N99 PMNs pre-treated with ERK inhibitor or vehicle for 30 min were cultured with supernatants from lipid A-stimulated (Supnt Lipid A 100) or untreated (Supnt UT) N90 PMNs for 24 h under adherent culture conditions. (e) N99 PMNs were cultured with supernatants collected from ERK inhibitor or vehicle pre-treated N90 PMNs that were subsequently stimulated with 100 ng/ml of lipid A. Cell viability was analyzed by Annexin V-APC/7-AAD staining and flow cytometry. Each symbol represents one donor; means are shown as black (b) or red (d and e) bars. \*\*\*\**P *≤* *0.0001, \*\*\**P *≤* *0.001, \**P *≤* *0.05, and ns *P *\>* *0.05 when compared with the corresponding vehicle group. (c) Bars show mean percentage of viability ± SEM from five individuals; \*\*\*\**P *≤* *0.0001 when compared with untreated neutrophils. Each donor (n) represents an independent experiment.](10.1177_1753425919871994-fig5){#fig5-1753425919871994}

To test whether ERK activation is functionally required for survival signaling, we pre-treated N90 PMNs with a chemical inhibitor of ERK, and then added lipid A for 24 h before measuring viability. Chemical inhibition of ERK completely blocked the survival activity of lipid A when added to N90 PMN cultures with lipid A ([Figure 5b and c](#fig5-1753425919871994){ref-type="fig"}), consistent with previous reports.^[@bibr31-1753425919871994]^ We next tested whether ERK was required for (i) responsiveness to survival factors or (ii) for production of those factors, or both, in N90 PMN cell preparations. First, the survival response was assessed by pre-treating N99 PMN with ERK inhibitor for 30 min before adding lipid-A-conditioned culture supernatants containing survival factors. The result was a partial reduction of survival responsiveness ([Figure 5d](#fig5-1753425919871994){ref-type="fig"}), indicating that ERK contributes but is not solely responsible. Second, we measured the effect of ERK inhibition on production of survival factors by pre-treating N90 cultures with ERK inhibitor for 30 min before adding lipid A for 20 h to stimulate factor secretion. There was again a partial reduction, in this case of factor production ([Figure 5e](#fig5-1753425919871994){ref-type="fig"}), which in this context indicated partial dependence on ERK activity for production of the survival factors by accessory immune cells. Neither effect was as complete as that of ERK inhibition in blocking TLR4 survival effects directly in N90 PMN cultures, where the factors are both produced and active, which may mean that complete inhibition reflects a cumulative effect on both production and activity of the secreted factors.

Monocytes are the primary sources of soluble survival factors in N90 PMN cultures {#sec17-1753425919871994}
---------------------------------------------------------------------------------

To identify the cell subtypes responsible for neutrophil survival in response to lipid A, we selectively depleted potential other immune cell lineages present in the N90 population (Supplemental Figure S1). Depletion of CD3^+^ T lymphocytes and Siglec-8+ eosinophils had no effect on neutrophil survival ([Figure 6a](#fig6-1753425919871994){ref-type="fig"}). Platelets, which can interact with neutrophils and induce their activation in response to TLR4 agonists,^[@bibr37-1753425919871994]^ similarly were of no consequence when depleted prior to lipid A stimulation. In contrast, selective depletion of CD36^+^ cells completely abolished survival activity ([Figure 6a](#fig6-1753425919871994){ref-type="fig"}). Depletion of CD56^+^ NK cells, which also express CD36, did not impact neutrophil viability (data not shown), indicating CD36^+^ monocytes alone were required to mediate neutrophil survival responses to TLR4 agonists.

![Monocytes are required for TLR4 survival effects. (a) The indicated cell subsets were depleted from N90 neutrophil preparations prior to culture with 100 ng/ml lipid A, after which neutrophil viability was analyzed by Annexin V-APC/7-AAD staining and flow cytometry. (b) N99 PMNs viability after culture with supernatants from purified monocytes exposed to 0 or 100 ng/ml lipid A for 20 h. Bars show mean percentage of viability ± SEM from (a) *n *=* *3--5 (\*\*\**P *≤* *0.001, \*\**P *≤* *0.01, and ns *P *\>* *0.05 when compared with N90 neutrophils subjected to mock depletion and cultured in the absence of lipid A (A) or (b) *n *=* *3 blood donors (\*\*\*\**P *≤* *0.0001, \*\*\**P *≤* *0.001 when compared with N99 neutrophils cultured in the absence of lipid A). Each donor (n) represents an independent experiment.](10.1177_1753425919871994-fig6){#fig6-1753425919871994}

To determine if purified monocytes are sufficient for production of the unidentified neutrophil survival factor(s), we isolated CD14^+^CD16^--^ monocytes from PBMC by negative selection of other cell types with magnetic particles and plated at 5 × 10^4^ cells/well of a 96-well plate. After 20 h culture with lipid A (100 ng/ml), the monocyte cell supernatants were collected, stored frozen, thawed, and then added to freshly prepared N99 PMN to assess 24 h survival activity. As shown in [Figure 6b](#fig6-1753425919871994){ref-type="fig"}, supernatants from lipid-A-stimulated monocytes were capable of extending neutrophil survival, whereas culture supernatants from unstimulated monocytes had no activity. These results, together with those of the cell subset depletion experiments, indicate that, in less purified neutrophil preparations, CD36^+^ monocytes are the primary source of TLR4-stimulated survival factors for co-cultured neutrophils.

Discussion {#sec18-1753425919871994}
==========

Neutrophil longevity is reported to be prolonged by numerous inflammatory cytokines and chemokines, DAMPs, and PAMPs.^[@bibr1-1753425919871994],[@bibr5-1753425919871994]^ The majority of studies that have evaluated survival activities of these various factors used neutrophil preparations containing up to 5--10% of other immune cell types. Understanding whether survival responses to these factors is neutrophil intrinsic, or might be regulated by accessory immune cells during infection and inflammation, is important for the design of interventional therapeutics. Here, we compared the pro-survival effects of TLR4 stimulation in highly purified neutrophil fractions (\> 99%) versus more commonly used less purified neutrophil populations (\> 90%). We found that neutrophil survival responses to TLR4 agonists depends on soluble factors released primarily by CD36^+^ monocytes. Additionally, we determined that ERK is involved in both the production and the activity of the survival factor(s), which remain unidentified despite our efforts to evaluate several factors reported in the literature as likely candidates.

We first observed that TLR4 stimulation has dramatically different effects on N90 than on N99 cultures in the course of studying the survival and functional responses of neutrophils to structural variants of LPS synthesized by *Pseudomonas aeruginosa* in patients with cystic fibrosis.^[@bibr38-1753425919871994]^ This effect, shown in [Figure 2b](#fig2-1753425919871994){ref-type="fig"}, is an independent confirmation of early reports by Sabroe et al.^[@bibr14-1753425919871994]^ that *E. coli* LPS lacks survival effects on monocyte-depleted neutrophils after 22 h culture unless supplemented with as few as 5% unfractionated PBMC. The method they and we used to purify neutrophils, i.e., depletion of contaminating cell-types with specific Abs and magnetic particles, could theoretically impair neutrophil responses to TLR4 stimulation. However, intrinsic TLR4 functionality was evidently not impaired by this procedure because lipid-A-induced CD62L shedding was similar in both N99 and N90 PMNs ([Figure 1e and f](#fig1-1753425919871994){ref-type="fig"}) and 'mock' depletions with isotype control Ab had no effect on survival responses ([Figure 6a)](#fig6-1753425919871994){ref-type="fig"}.

Terminally differentiated neutrophils exhibit a high degree of functional specialization. Cellular specialization has resulted in the evolution of accessory cells that provide essential functions for client cells that the client cells themselves cannot perform. This division of labor makes cellular specialization and regulation possible, as exemplified by the dependent relationships between neurons and Schwann cells or spermatogonia and Sertoli cells.^[@bibr39-1753425919871994]^ Similar relationships may exist between highly specialized neutrophils and monocytes as a means of regulating when and where neutrophils survive *versus* become apoptotic in order to be cleared through efferocytosis. Cross-talk between neutrophils and monocytes/macrophages or lymphocytes including T cells, NK cells, and NKT cells has been implicated in several inflammation-associated pathologies.^[@bibr40-1753425919871994],[@bibr41-1753425919871994]^ Costantini et al.^[@bibr34-1753425919871994]^ showed that activated NK cells potentiate neutrophil survival through soluble factors *in vitro*. Pelletier et al.^[@bibr42-1753425919871994]^ also reported pro-survival effects of soluble factors released from activated CD4^+^ and CD8^+^ T cells on neutrophils. We investigated individual accessory cell types through selective depletion, and showed that prolonged neutrophil survival by factors in lipid-A-conditioned supernatants did not require eosinophils, T lymphocytes, NK cells or platelets. Only monocyte depletion rendered neutrophils unresponsive to TLR4 survival effects, which is consistent with, and extends, published results.^[@bibr14-1753425919871994]^ We further found that purified monocytes were sufficient for robust survival factor production ([Figure 6b](#fig6-1753425919871994){ref-type="fig"}), identifying monocytes as the primary source of survival factors for neutrophils purified by standard methods. Because monocytes are known to migrate to sites of inflammation as a second wave of immune cell recruitment following neutrophils, it will be important to understand in detail how they may regulate neutrophil survival *in vivo*.

We found no evidence that IL-8 plays a role in neutrophil survival, at least in our culture system ([Figure 4a](#fig4-1753425919871994){ref-type="fig"}). Others have shown IL-8 is a survival factor for neutrophils,^[@bibr16-1753425919871994][@bibr17-1753425919871994][@bibr18-1753425919871994]--[@bibr19-1753425919871994]^ although most of these studies were performed with less purified preparations similar to ours. Cowburn et al.^[@bibr18-1753425919871994]^ reported that an IL-8 autocrine effect mediates the late survival activity of TNF-α but not that of GM-CSF, although both TNF-α and GM-CSF induce neutrophil IL-8 production, suggesting that any survival effect of IL-8 is context dependent. Very high amounts of IL-8 produced by neutrophil 'swarms', for example, could exert survival effects without monocytic cell participation. In our experiments, highly purified N99 neutrophils responded to the survival activity of recombinant IL-8, but only at a concentration (100 ng/ml) 50 times higher than the average amount present in conditioned supernatants from N90 PMN. Using neutralizing Ab at a concentration sufficient to abrogate the survival effect of exogenously added IL-8 on N99 PMNs, we found no change in the survival activity of the supernatant. This confirmed that IL-8 is dispensable in the context of TLR4 stimulated survival effects on neutrophils in *ex vivo* culture.

GM-CSF appeared to play a consistent, but minor, role in supporting neutrophil survival in our culture system. No GM-CSF was detected in lipid A-stimulated N90 culture supernatants, as determined by ELISA with an assay limit of detection around 10 pg/ml. However, addition of GM-CSF neutralizing Ab to lipid-A-conditioned culture supernatants consistently reduced their survival activity by about 10% ([Figure 4c](#fig4-1753425919871994){ref-type="fig"}). GM-CSF is a notably potent survival factor for neutrophils, as it is effective at concentrations as low as 1--5 pg/ml,^[@bibr34-1753425919871994]^ and [Figure 3e](#fig3-1753425919871994){ref-type="fig"}. This potency likely explains why GM-CSF activity could be revealed by Ab blockade in culture supernatants in which no GM-CSF was detectable by a standard ELISA. Additional studies are needed to identify the other, dominant survival factor(s) that act directly on neutrophils, as opposed to those that act indirectly through accessory immune cells. Our ongoing efforts using neutralizing Abs for several other cytokines (IL-4, IL-6, IL-12, IL-15, IL-17A/F, IL-24, IL-27, and IL-36G) have so far found no evidence that any of them are involved, at least in this culture system.

ERK activity is required for the neutrophil survival activity of lipid A in N90 cultures ([Figure 5c](#fig5-1753425919871994){ref-type="fig"}) which is in agreement with published results.^[@bibr4-1753425919871994],[@bibr31-1753425919871994]^ We further showed that ERK activity is involved in both survival factor production as well as function using ERK inhibitor pre-treatment of N90 and N99 cells before collecting or adding conditioned supernatants, respectively. Future studies will address other contributing signaling pathways in the indirect survival effects of TLR4 on neutrophils. We found more robust ERK phosphorylation when N99 neutrophils were stimulated with lipid A in suspension compared with adherent conditions. This apparently contrasts the published positive correlation between neutrophil adhesion and ERK activation,^[@bibr43-1753425919871994],[@bibr44-1753425919871994]^ but once again suggests a cell autonomous effect similar to survival that needs further investigation.

Neutrophils are highly specialized cells whose survival or apoptotic death is a critically important determinant of the transition from innate immune defense to resolution of an inflammatory event. In the context of TLR4 signaling, a requirement for monocyte-macrophages may serve as a checkpoint for neutrophils that prevents them from abnormally self-sustained survival once activated at sites of infection by Gram-negative bacteria or from dying prematurely before efferocytosis can occur ([Figure 7](#fig7-1753425919871994){ref-type="fig"}). A detailed understanding of the factors and pathways involved is needed to advance the goal of identifying new targets of therapeutic intervention in the many inflammatory conditions associated with neutrophilia.

![A proposed model for monocyte/macrophage-dependent survival of neutrophils. 1. Neutrophil recruitment from blood to a site of Gram-negative bacterial infection involves adherence to extracellular matrix proteins during and after extravasation. 2. TLR4 signaling in adherent neutrophils is uncoupled from ERK activation and anti-apoptotic outcomes. 3. Neutrophil survival becomes dependent on survival factors secreted by TLR4-stimulated monocyte/macrophages. 4. Upon clearance of infection monocyte/macrophages stop secreting survival factors for proximal neutrophils, which are cleared through efferocytosis to initiate inflammation resolution.](10.1177_1753425919871994-fig7){#fig7-1753425919871994}
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